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We show that arrays of emissive nanorod structures can exhibit strong photonic crystal behavior, via obser-
vations of the far-field luminescence from core-shell and quantum disc InGaN/GaN nanorods. The conditions
needed for the formation of directional Bloch modes characteristic of strong photonic behavior are found
to depend critically upon the vertical shape of the nanorod sidewalls. Index guiding by a region of lower
volume-averaged refractive index near the base of the nanorods creates a quasi-suspended photonic crystal
slab at the top of the nanorods which supports Bloch modes. Only diffractive behavior could be observed
without this region. Slab waveguide modelling of the vertical structure shows that the behavioral regime of
the emissive nanorod arrays depends strongly upon the optical coupling between the nanorod region and the
planar layers below. The controlled crossover between the two regimes of photonic crystal operation enables
the design of photonic nanorod structures formed on planar substrates that exploit either behavior depending
on device requirements.
PACS numbers: 78.67.Pt; 78.67.Uh
I. INTRODUCTION
Exploitation of photonic crystal (PhC) effects in light-
emitting diodes (LEDs) has resulted in significant in-
creases in light extraction efficiency1–8, outperforming
more commercialized surface roughening techniques7. In
addition, PhC LEDs offer control over the direction in
which the enhanced light extraction occurs3,5,9,10. The
directivity of the light source is a significant limiting fac-
tor to performance in applications where the e´tendue of
external optics is restrictive, notably display illumination
and miniature projectors11,12.
PhC LED designs typically operate in a diffractive or
Bragg regime, where the regular nanostructure acts only
as a perturbation to a slab waveguide, comprised of un-
patterned epitaxial layers and often the substrate6. Light
trapped in the laterally guided modes of this slab un-
dergoes Bragg diffraction to the extraction cone by the
PhC. Here, the periodic component of the wave func-
tion in each mode has only low overlap with the periodic
medium and only weakly perturbs the waveguiding prop-
erties of the structure. This diffractive behavior has been
observed and characterized in air-hole PhC LEDs with
the PhC on the surface of the LED2,5 and underneath
the emitting region13–15.
Another regime of operation exists, where the peri-
odic component of the wave function instead dominates
the behavior. In this case, the effect of diffraction or
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zone folding is sufficient to couple the optical states to
their corresponding state inside the irreducible Brillioun
zone, lifting the degeneracy between Brillioun zones. As
a result, the allowed optical states in the nanostructured
device are Bloch-like and the periodicity of the PhC
strongly affects the light dispersion6,8,16. This ‘strong’
or Bloch regime of PhC operation is exploited to local-
ize light in waveguiding applications17,18. However, its
consideration for practical applications as a means of in-
creasing the performance of LEDs1,19–22 is limited to sim-
ulations or photoluminescence (PL) of suspended mem-
brane air-hole PhC structures that are unsuitable for the
electrical injection and heat extraction required.
Enhancement to the directivity of the emission us-
ing PhCs operating in the Bragg regime has been
achieved through optimising the geometry of the LED
and PhC3,5,9,10. However, the directionality that can
be achieved using this method is fundamentally limited
as light from slab modes will be diffracted to all angles
from normal incidence6. These limitations can be over-
come through operation in the Bloch regime to realize an
ultra-directional light source21.
More recently, PhC LED arrays of dielectric nanorods
which contain the emitting region fabricated either by
etching from pre-existing epitaxial layers or by bottom-
up growth have become of interest. Two configurations
for the emitting region have been reported: core-shell
nanorod LEDs with the emitting region surrounding a
nanorod core23–26 and quantum disc nanorod LEDs with
the rods intersecting a planar emission region26–28. The
potential advantages of core-shell LEDs include providing
a low cost means of fabricating non-polar LEDs in which
the quantum efficiency is not degraded by the quantum-
2confined Stark effect. The increased area of the active re-
gion over its planar equivalent reduces the current density
in the device and hence efficiency droop. Furthermore,
the regrowth of active layer shells onto plasma-etched
cores offers an effective route for highly-regular core-shell
structures that show PhC effects29. Diffractive behav-
ior has been observed in regular arrays of both quantum
disc28,30 and core-shell nanorod designs29, both of which
have been electrically-contacted successfully24,28.
The Bloch PhC regime has been predicted theoreti-
cally to occur in a nanorod array LED with an underly-
ing buffer layer and substrate31. However to date, despite
the above advantages of nanorod array LEDs, this oper-
ating regime has proved hard to achieve in practice. As
a result, nanorod LEDs formed on a planar substructure
seem an ideal medium for exploring the scope for combin-
ing the practical advantages of nanorod arrays with the
benefits offered by the Bloch regime of PhC operation.
This paper describes the experimental demonstration
of the crossover from the Bragg to the Bloch regime
of PhC operation in both core-shell and quantum disc
nanorod array LED structures. The work also establishes
an understanding of the physical conditions needed for
manifesting the Bloch regime in practical nanorod LED
structures.
II. EXPERIMENTAL
A. Fabrication of core-shell and quantum disc nanorods
Two c-plane GaN-on-sapphire wafers with epitaxial
GaN thicknesses of 2.1 and 5.5 µm were patterned with
nickel nano-dots in a 600 nm pitch hexagonal lattice
using nano-imprint lithography (NIL)32. These were
inductively-coupled plasma (ICP) etched (Oxford Instru-
ments ICP100) for different times to form GaN nanorods
of height 500 and 3500 nm on the 2.1 and 5.5 µm tem-
plates respectively. GaN was regrown on the sidewalls
and tips of the nanorods by metalorganic vapor phase epi-
taxy (MOVPE), creating nanorods with m-plane faceted
sidewalls and {101¯1} faceted pyramids on top29. A layer
of InGaN was then grown, capped by another thin GaN
layer, finally producing nanorods with heights of either
850 or 4000 nm with an underlying GaN buffer layer be-
low of thickness 1650 and 2250 nm respectively. Figure
1 shows SEM images of the two core-shell samples after
fabrication.
Quantum disc nanorod samples were defined by the
same NIL process and dry-etched from an epitaxial struc-
ture comprising an n-type GaN layer, a 2nm thick single
InGaN/GaN quantum well (SQW) with In fraction 15-
20% and a 600 nm thick p-GaN layer grown on a 50
mm diameter sapphire wafer. The processing resulted
in nanorods containing a disc-shaped SQW. This simpler
structure was chosen for the investigation of photonic
crystal effects in nanorod structures because the side-wall
angle and nanorod height can be varied by controlling the
FIG. 1. Cross section of a) 850 nm and b) 4000 nm core-shell
nanorods c) plan view of 4000 nm core-shell nanorods where
the arrows indicate the lattice vectors. Schematic represen-
tation of d) core shell and e) quantum disc nanorod device
configurations where red indicates the emitting region.
ICP etching step33.
B. Luminescent properties of nanorod LEDs
A 405nm diode laser was used to resonantly excite just
the InGaN QW layers without significant absorption in
the GaN layers. The core-shell nanorods were found to
emit broadband photoluminescence (PL) at visible wave-
lengths, shown in figure 2a. There is a broad blue-green
peak observed at 2.2-2.8 eV for both the 4000 nm and 850
nm core-shell nanorods which merges into another broad
yellow emission band at 1.8-2.2 eV for the tall core-shell
nanorods. The PL from the quantum disc nanorods also
shown in figure 2a showed the single quantum well emis-
sion centred at 2.75 eV, along with broad yellow band
emission below 2.6 eV.
To investigate the regions of the nanorods emitting
luminescence, cathodoluminescence (CL) hyperspectral
imaging with ≈20 nm spatial resolution was performed34.
A 5 keV electron beam was scanned over the samples
and the luminescence spectrum from each area of local-
ized excitation measured. The CL results show that the
blue-green emission observed in the PL of the core-shell
nanorods is emitted from the base of the pyramids ≈500
nm from the tips of the rods and that the yellow emis-
sion is emitted from all areas. This is illustrated for the
tall core-shell nanorods in figure 2b, which shows a real
color representation of the excited luminescence, formed
by calculating the chromacity coordinates from the mea-
3FIG. 2. a) PL spectra of core-shell (850 & 4000 nm high)
and quantum disc (SQW) nanorods at normal incidence. b)
(Color online) Real color representation of spatially resolved
CL emission from 4000 nm core-shell nanorods.
sured spectrum at each position. The CL showed that
the InGaN growth rate was higher around the base of
the pyramids with a rapidly decreasing InN mole frac-
tion down the nanorod sidewalls for the MOVPE growth
conditions used. Comparable behavior was observed in
the short core-shell nanorods29. Hyperspectral CL mea-
surements on the quantum disc nanorods showed that the
emission comprised a peak at≈2.8 eV associated with the
SQW and located at 600 nm below the nanorod tips with
yellow band emission from all areas.
C. Angular luminescence of core-shell nanorod LEDs
The angular distribution of the far-field intensity of
the PL from the various nanorod structures was mea-
sured. The measurement system comprised a spectrom-
eter coupled to a 0.22 NA optical fibre bundle which was
moved over the hemisphere above the device at a radius
of 300 mm and with angular resolution of 0.1◦ in both
the azimuthal and inclinal directions15. Most data were
obtained at 0.2◦ resolution, but were supplemented by
higher resolution measurements performed at fixed az-
imuth, with the inclinal angle varied from surface normal
to 90◦ at an angular resolution of 0.1◦.
Figure 3a shows the k-space projection of the variation
in the luminescence with inclinal observation angle for
the 850 nm core-shell nanorods. The measurement was
performed along the azimuthal direction of lattice vector
a shown in figure 1c and defined as the ΓKa direction in
reciprocal space. The k-space projection was performed
by converting photon energy into freespace wavenumber
(k0), which is plotted on the vertical axis, and by plot-
ting along the horizontal axis the in-plane component of
k0 given by k|| = k0 sin θ where θ is the angle between
the propagation direction and the surface normal. The
intensity variation has been normalized to enhance the
contrast of the features by correcting for the gross vari-
ation in intensity with angle from surface normal and
then dividing each spectrum by the mean intensity at
each wavelength.
FIG. 3. Normalized k-space projection showing the angular
PL intensity variation with frequency and inclinal angle along
the ΓKa direction for the a) 850 nm and b) 4000 nm tall core-
shell nanorods
The k-space projection is characterized by sets of sharp
white lines that correspond to diffraction by the nanorod
array. These lines arise from light coupled into the slab
modes of the GaN buffer layer being diffracted into the
extraction cone. Each line originates from diffraction out
of a particular slab mode and is replicated at different ob-
servation angles corresponding to the different diffraction
orders. The effective refractive indices of these modes
were found to lie between that of the sapphire substrate
(≈1.8) and the GaN buffer layer (≈2.4) at 2.16 eV, con-
firming they originate from this family of slab modes15.
A further diffractive effect is apparent from guided
modes with effective indices of less than ≈1.8, indicat-
ing that these propagate in the sapphire substrate. The
spacing of these modes is too close to resolve owing to
the large thickness of the sapphire substrate. Rather,
they give rise to the triangular sectors which correspond
to band folding (i.e. diffraction) of the air and sapphire
extraction cones, for example at |k||| < 0.25 × 10
7 m−1
4FIG. 4. Normalized in-plane k-space projection of angular
PL showing the intensity variation with azimuth and inclinal
angle for a single frequency at a) k0 = 1.05 × 10
7 m−1 (2.07
eV) from the 850 nm tall core-shell nanorods and b) k0 =
1.19 × 107 m−1 (2.34 eV) from the 4000 nm tall core-shell
nanorods. kx is parallel to the ΓKa direction.
at ≈2.4 eV in figure 3a. Competition between diffraction
orders causes the sharp variations in the intensity of the
substrate and discrete guided modes at the boundaries of
the triangular sectors. This is because another route be-
comes available for diffraction as each mode passes into
the extraction cones, so the power is distributed between
the various extraction routes.
Figure 4a shows an in-plane k-space projection in
(kx, ky), constructed from measurements taken over 100
◦
of azimuth and 90◦ of angle from surface normal at a
single photon energy of k0 = 1.05 × 10
7 m−1 (2.07 eV).
The sharp white lines created by the light diffracted from
the discrete guided modes are observed as arcs centred
on the reciprocal lattice points of the photonic crystal.
Before diffraction, these modes (arcs) have a magnitude
of in-plane wave vector (radius) which does not vary
with azimuthal direction. This confirms that the 850
nm core-shell nanorods are operating in the diffractive
Bragg regime, where the nanorod PhC structure acts as
a perturbation of a homogeneous slab waveguide6,8,15.
Figure 3b shows the k-space projection of the angu-
lar PL from the 4000 nm core-shell nanorods along the
ΓKa direction. The dense array of features deriving from
the diffraction in the far field emission from the 850 nm
core-shell nanorods no longer occurs and a very differ-
ent behavior is observed. Light emission is observed in
broad, widely separated bands of varying intensity with
both crossings and anti-crossings of these bands occur-
ring: behavior characteristic of the Bloch regime6,8. Fur-
ther, these broad features were observed to vary with
azimuthal direction in a pattern consistent with the re-
ciprocal lattice of the PhC, as shown in the in-plane k-
space intensity plot for k0 = 1.19 × 10
7 m−1 (2.34 eV)
presented as figure 4b. This correlation of the band struc-
ture with the symmetry of the PhC tiling demonstrates
that these bands derive from Bloch modes folded into
the air cone. Precise characterisation of these modes is
challenging due to a distortion from a regular hexagonal
tiling introduced during fabrication and the several or-
ders of band folding possible at the 600 nm pitch for the
emitted photon energies measured35.
These observations show, possibly for the first time,
that the Bloch regime can occur in practical nanorod
LED structures comprising of finite nanorods supported
by a higher average refractive index buffer layer. The
more conventional Bragg regime was also observed.
There are two significant differences between the two
core-shell nanorod samples, either of which could be
responsible for the observed change in PhC behavior.
Firstly, the samples are different heights and secondly,
they have a different vertical profile as seen in the SEM
images in figure 1.
D. Dependence of photonic crystal behavior on nanorod
geometry
The origin of this change in behavior in nanorod LEDs
was explored further by performing the same measure-
ments on arrays of quantum disc nanorods with different
heights and vertical profiles.
A matrix of four quantum disc nanorod samples was
created by using two different etch depths with either
undercut (negative sidewall angle) or tapered (positive
sidewall angle) vertical profiles. The measured param-
eters of these nanorods are shown in table I and cross
section SEM images in figure 5.
Figure 5 also shows k-space projections of the angular
PL observed along the ΓKa direction for each sample.
Samples SQW1 and SQW3 with a tapered vertical pro-
file show diffractive behavior, which occurs irrespective
of nanorod height. However, samples SQW2 and SQW4
with an undercut profile show broad white lines indica-
tive of Bloch mode formation superimposed over much
weaker diffractive behavior. From these results, it is con-
cluded that the vertical geometry determines whether
nanorod array LEDs behave in the Bragg or Bloch PhC
regime. On the other hand, the change of height has a
lesser effect on the characteristics of the behavior since
diffraction is prominent in both the 1700 nm (SQW1)
and 3050 nm (SQW3) tall nanorod samples.
5FIG. 5. Cross section SEM images and k-space projection of the angular PL intensity variation along the ΓKa direction for a)
SQW3, tapered 3050 nm, b) SQW1 tapered 1700 nm, c) SQW4 undercut 3175 nm, d) SQW2 undercut 1800 nm high rods.
TABLE I. Characteristics of quantum disc nanorod samples
Sample GaN buffer depth (nm) Nanorod height (nm) Vertical profile
SQW1 3900 1700 Tapered
SQW2 3800 1800 Undercut
SQW3 2600 3050 Tapered
SQW4 2600 3175 Undercut
III. ANALYSIS AND DISCUSSION
The vertical profile of the nanorods leads to a variation
in the air filling fraction of the array with vertical posi-
tion in the nanorod. If the nanorods are considered as an
effective bulk medium for in-plane directions, the vertical
variation in effective refractive index can be estimated by
volume-averaging the dielectric constant in steps up the
nanorods36. Previous work has shown this is a valid ap-
proximation for a periodic medium for the length scales
and wavelengths considered in these samples15,31. Curves
(i-iii) in figure 6c show the refractive index variation with
vertical position for the samples with an undercut profile,
calculated by extracting the fill factor variation with ver-
tical position from the SEM images. There is a region of
higher volume-averaged refractive index bounded above
and below by regions of lower volume-averaged refractive
index. Such a structure is reminiscent of a suspended slab
waveguide which is optically decoupled from the GaN
buffer layer, or partially so. In essence, a quasi-suspended
photonic crystal slab waveguide is formed. For some in-
plane wave-vectors this provides an index-guiding mech-
anism that confines light to the periodic medium, thus
enabling Bloch modes to form along particular directions.
6FIG. 6. Schematic representation of nanorod arrays with (a) undercut and (b) tapered sidewalls. Volume-averaged refractive
index profiles (c,d) and modelled E-field amplitude profile (e,f) of the first-order resonance in the PhC region for i) 3175 nm
tall rods with undercut sidewalls (SQW4), ii) 1800 nm tall rods with undercut sidewalls (SQW2), iii) 4000 nm tall core-shell
rods, iv) 3050 nm tall rods with tapered sidewalls (SQW3), v) 1700 nm tall rods with tapered sidewalls (SQW1) and vi) 850
nm tall core-shell rods.
The variation of the volume-averaged dielectric con-
stant with vertical position was used to construct a slab-
waveguide model for the structures, which was solved
using a transfer matrix method37. This model is able to
show the degree of optical coupling between the quasi-
suspended PhC slab and the GaN buffer layer, although
it cannot provide information about the azimuthal varia-
tion in the parallel wave-vectors for the Bloch modes. A
staircase approximation for the volume-averaged refrac-
tive index in the vertical direction was used with a 20 nm
(≪ λ) resolution.
Examining the optical mode profiles of the resonances
in the system allows the index guiding to be investigated.
These are shown in figure 6e and 6f. For the samples with
the undercut profile (fig. 6e), modes with their optical
energy confined in the photonic crystal layer by total
internal reflection are supported, as expected from the
volume-averaged refractive index variation with vertical
position. The electric field variation for the first order
TE modes in the PhC layer in the undercut nanorods
is shown in curves (i-iii) in figure 6e where it can be
seen that the field is negligible in the GaN buffer layer.
Optical energy in these modes is only subject to loss from
the periodic region due to photon recycling or scattering
from non-ideal surfaces and band folding to wave-vectors
outside the guided range in the extraction cone.
In contrast, curves (iv-v) in figure 6f show the field
profiles of the first order resonances in the quantum disc
nanorods with the tapered profiles. All the light emitted
into states that propagate in the PhC region can now be
readily coupled into the substrate and is only confined in
the PhC by non-total Fresnel reflection at the interface
with the GaN buffer. The absence of Bloch-like bands
in the angular PL results from the tapered samples (figs
5a-b) indicates that this confinement mechanism is too
lossy in these samples to support the formation of Bloch
modes.
In the case of the 4000 nm core-shell rods (see fig. 3b),
the Bloch features are very strong and appear in several
bands that extend over large ranges of emission angle,
and no Bragg diffraction is observed in this sample. In
contrast, the band structure for both the undercut SQW
samples (see fig. 5c-d) is less striking. For the taller core-
shell geometry, the slab waveguide model predicts the
existence of three TE modes with their field amplitude
almost entirely confined to the PhC layer, whereas only
one confined TE mode for both the undercut SQW sam-
ples is predicted. Consequently, light is guided in the
quasi-suspended PhC slab formed in the 4000 nm core-
shell nanorods for a much wider range of in-plane wave-
vector (k||) or effective refractive index than in the two
undercut SQW nanorod samples, as expected from the
variation of the volume-averaged refractive index with
vertical position (see fig. 6c). The wider range of guided
wave-vectors gives rise to a higher photonic density of
states associated with the Bloch modes, which results in
the richer spectrum of photonic bands observed. In con-
trast, the smaller range of wave-vectors for which modes
are guided in the slab in the undercut SQW nanorods
results in the fewer bands observed.
The difference in the broadness of the resonance lines
seen in the core-shell and quantum disc nanorods repre-
sents a difference in optical loss from the modes, with a
broader line representing a larger loss. The Bloch modes
7in the core-shell nanorods could be broader due to higher
diffraction efficiency for this structure or it could be due
to the light absorbing volume being larger than in the
quantum disc nanorods, leading to increased loss through
photon recycling.
The variation in the strength of the diffractive features
in the undercut samples can be understood by consider-
ing that there is a ≈2000 nm wide region of lower volume-
averaged refractive index between the quasi-suspended
PhC slab formed in the taller core-shell nanorods and
the underlying GaN buffer. This optical barrier region ef-
fectively decouples the two waveguiding regions, leading
to little interaction between the layers and prevents any
substantial leakage of optical power into GaN buffer slab
modes. As a result, features created by diffraction are not
observed in the tall core-shell structures. The slight un-
dercut and the small separation between the waveguides
seen in the 850 nm core-shell nanorods is not sufficient
to decouple the PhC region from the GaN buffer, as seen
in the E-field magnitude profile shown in curve (vi) in
figure 6f.
Further, the k-space plots from the SQW nanorod sam-
ples provide additional evidence to support this two-
waveguide model. The Bloch modes in figure 5 are
stronger for the blue QW emission band (2.6–2.9 eV)
than for the yellow band emission (<2.6 eV). This oc-
curs because the QW is located in the region of lower
air fill and so its emission will couple readily into the
quasi-suspended slab. In contrast, the yellow band is not
localized to this region and so is more able to couple di-
rectly to the GaN buffer layer slab modes rather than
the Bloch modes, causing the retention of strong Bragg
diffractive features at lower photon energies. Thus locat-
ing the emissive region in a nanorod or core-shell LED in
a quasi-layer of lower air fill will enhance the likelihood
of Bloch mode formation.
IV. CONCLUSION
Ordered arrays of shaped nanorod LEDs on a planar
substrate have been observed to operate in the Bloch
regime through far-field angular photoluminescence mea-
surements, revealing laterally-guided directional Bloch
modes folded to the air extraction cone. This result
shows that the behavior of the Bloch regime can be ex-
ploited in emissive devices without requiring a suspended
membrane structure.
The condition required to manifest the Bloch regime is
for optical losses from guided Bloch modes to be limited.
This is achieved most readily by coupling light into modes
that are confined to a periodic layer by index guiding in
a vertical direction. In this work, the air fill fraction of
nanorod LED arrays was varied with vertical position to
produce regions of high fill fraction bounded by regions
of lower fill, creating in effect a quasi-suspended photonic
crystal slab in which Bloch modes readily undergo index
guiding. Control of optical losses through coupling to
the underlying buffer layer was achieved by varying the
height and the fill fraction of the region of higher air fill
in the nanorods.
Slab-waveguide modelling showed that the strength
of the features in different experimental geometries cor-
relates with the optical coupling between the quasi-
suspended photonic crystal slab and the planar buffer
layer; a larger distance and refractive index contrast be-
tween the two guiding regions leads to more pronounced
Bloch regime behavior. Tapered nanorods with a positive
sidewall angle display more conventional Bragg diffrac-
tive behavior, in line with previous results. Finally,
the results show that both quantum disc and core-shell
nanorod arrays can be designed and fabricated to enable
the exploitation of either Bloch or diffractive behavior in
photonic devices according to their application. By vary-
ing the shape of the nanorod sidewalls, the advantages
of both the Bragg diffractive and Bloch photonic crystal
operating regimes can be combined with the advantages
of core-shell and quantum disc nanorod LEDs.
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